The major objective of this paper is to study the effects of heterogeneity on pedestrian dynamics in walkway of subway station. We analyze the observed data of the selected facility and find that walking speed and occupied space were varied in the population. In reality, pedestrians are heterogeneous individuals with different attributes. However, the research on how the heterogeneity affects the pedestrian dynamics in facilities of subway stations is insufficient. The improved floor field model is therefore presented to explore the effects of heterogeneity. Pedestrians are classified into pedestrians walking in pairs, fast pedestrians, and ordinary pedestrians. For convenience, they are denoted as P-pedestrians, F-pedestrians, and O-pedestrians, respectively. The proposed model is validated under homogeneous and heterogeneous conditions. Three pedestrian compositions are simulated to analyze the effects of heterogeneity on pedestrian dynamics. The results show that P-pedestrians have negative effect and F-pedestrians have positive effect. All of the results in this paper indicate that the capacity of walkway is not a constant value. It changes with different component proportions of heterogeneous pedestrians. The heterogeneity of pedestrian has an important influence on the pedestrian dynamics in the walkway of the subway station.
Introduction
Pedestrian dynamics plays an important role in the study of pedestrian flow, crowd evacuations, and so on. The research of the pedestrian dynamics in walkways focuses on the self-organization phenomenon [1] [2] [3] and jamming transition [4] [5] [6] [7] [8] [9] . A variety of simulation models have been developed to study the pedestrian dynamics, such as social force model [1, [10] [11] [12] , cellular automaton (CA) model [13] [14] [15] [16] [17] , lattice gas model [18] [19] [20] , and multiagent model [21, 22] . CA model has been widely used because of its simple rules and good performance for reproducing various selforganization phenomena. In [3, [23] [24] [25] , a more sophisticated CA model-floor field model-has been introduced, which by now has become the standard CA approach to pedestrian dynamics [26] . In this model, there are two kinds of floor field, that is, static and dynamic ones. The static floor field is constant in time and represents the constant properties of the infrastructure. The dynamic floor field describes the dynamic interactions between the pedestrians. Furthermore, it has its own dynamics, namely, diffusion and decay, which leads to dilution and finally the vanishing of the trace after some time [23] .
To determine the adequacy of the proposed model, it is essential to execute the process of validation. Validation has two types, qualitative and quantitative. Tsiftsis et al. [27] proposed a cellular-automata-based model that estimates the movement of individuals. The efficiency of the model has been thoroughly validated with qualitative major characteristics of crowd behavior and quantitative flow-density dependence. Georgoudas et al. [28] made use of empirical and simulation results to clarify the operation of the anticipative crowd management system and evaluate its efficiency. Klüpfel and Meyer-König [29] validated the presented model through comparing the flow-density fundamental diagram of the simulation result with the empirical one and calibrated six parameters. Wąs et al. [30] proposed a new discrete model and validated the model with fundamental diagram. Qu et al. [31] validated the presented microscopic spatialcontinuous model with walking speed, flow characteristics, lane forming behavior, and fundamental diagram. Campanella et al. [32] proposed a simple validation procedure that combines qualitative and quantitative assessments.
Most of these existing models treated pedestrian crowd as a collection of the same isolated individuals, that is, homogeneous pedestrians, which does not coincide with the reality. In reality, the pedestrian flow is composed of heterogeneous people with different individual attributes, including gender, age, luggage, and walking together or not. Their attributes reflect different microscopic traffic characteristics involving occupied space, speed, stride, stride frequency, and so forth. At present, some scholars have put their efforts to research the effects of heterogeneity on pedestrian flow. Lu et al. [33] proposed an extended floor field CA model to incorporate into the walking behavior of pedestrian groups and found the walking behavior of groups has an important but negative influence on pedestrian flow dynamics, especially when the density is at a high level. Campanella et al. [34] chose desired speed, body size, and reaction time as the heterogeneity parameters. Their simulation results strongly indicate that the impact of heterogeneity is very important and should not be neglected in modeling and analyzing pedestrian flow operations. Matsumoto et al. [35] analyzed the heterogeneous pedestrians of a high demand pedestrian crossing in downtown Tokyo. They have found that pedestrians, depending on their desired speeds, are scanning a certain area to choose their directions and that the changes of direction are getting smaller with increasing speed.
Till now, the effects of heterogeneity in walking facilities of subway stations have not been analyzed. And the floor field CA model has not included the pedestrian heterogeneity completely. Therefore, the major objective of this paper is to research the effects of heterogeneity on pedestrian dynamics by improving the floor field model. The rest of this paper is organized as follows. Section 2 presents the results of the field data and analyzes the characteristics of heterogeneous pedestrian flow. The details of the improved floor field model are introduced in Section 3. The simulation scenario is given in Section 4. Section 5 provides the simulation results to analyze the effects of heterogeneity on pedestrian dynamics. At last, the conclusions are summarized and the direction for future work is illustrated.
Data Collection and Characteristics of Heterogeneous Pedestrian Flow
A walkway of Beijing Xizhimen subway station was selected as the observation site. The width and the length of this facility are 3.6 m and 10.4 m (Figure 1 ), respectively. Two HD cameras were used to record the pedestrian flow for an hour during the peak time of a workday simultaneously. In our observations, 404 pedestrians (213 males, 191 females) were collected in the walkway. Most of the pedestrians were young and middle-aged people, and their ages mostly ranged from 15 to 60 years. The proportion of children and the elderly was very low. In our observations, 19% of the pedestrians walk in pairs, 6% of the pedestrians carry large luggage, and more than one-third of the people walk fast. The scatter plot of flow-density based on the observed data in the walkway was drawn in Figure 2 . The cubic equation is used to fit the curve and the result is good because the goodness of fit is 0.985. The capacity of this facility can be calculated through the flow-density model [36, 37] . The flow continually grows with the density when it is less than 2.2 pedestrians/m 2 . When the density reaches 2.2 pedestrians/m 2 , the flow of the walkway gets the maximum value and the capacity is 1.45 pedestrians/m⋅s. Then, the flow begins to decrease with the increasing density. The increasing gradient of pedestrian flow is greater than the decreasing one.
We extracted the heterogeneous attributes of pedestrians from the video and organized them in the form of individual cases afterward. Each pedestrian was recorded by individual characteristics, including gender, age, luggage, walking time, and walking in pairs or not. According to the statistical analysis of the observed data, different individual attributes of pedestrians reflect different microscopic traffic characteristics, involving speed, stride, stride frequency, occupied space, and so forth. We select walking speed and occupied space as indicators to represent the pedestrian heterogeneity. All of the observed pedestrians are classified into four classes according to the heterogeneous indexes. The categorization of pedestrians is shown in Table 1 . The data listed in Table 1 come from the statistical analysis of the observation video.
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1.16 0. 16 40 Pedestrians who walk in pairs and those with large luggage have the same walking speed and they occupy almost the same spaces. These two classes of pedestrians can be regarded as one class and be collectively called pedestrians walking in pairs. For convenience, pedestrians walking in pairs, fast pedestrians, and ordinary pedestrians are denoted as P-pedestrians, F-pedestrians, and O-pedestrians in the rest of this paper.
Model Development

Floor Field Model (FF Model)
Introduction. The floor field model (FF model) [23] [24] [25] is defined on a two-dimensional square lattice where each cell can be occupied by at most one particle (pedestrian). In every time step, each particle is allowed to stay at its current position or move to one of the neighboring cells according to certain transition probabilities (1) given that the destination cell is not occupied by another particle. This is done synchronously for all particles (parallel update). The number of nearest neighbors on the lattice can be either four (von Neumann neighborhood) or eight (Moore neighborhood) [3] :
with occupation number = 0, 1; if the cell is occupied by other particles, the value is 1; otherwise, it is 0. Obstacle number is = 0, 1; if the cell is occupied by any obstacle, the value is 0; otherwise, it is 1.
is a normalization factor for ensuring ∑ ,
The probabilities are given by the interaction with two floor fields, static floor field and dynamic floor field . For the evacuation process, the static floor field describes the shortest distance to the exit. The static floor field does not evolve with time and is not changed by the presence of the pedestrians. Such a field can be used to specify regions of spaces which are more attractive, for example, an emergency exit or shop windows [24] . The dynamic floor field was inspired by the motion of ants, which leave a pheromone trace. Other ants are able to smell this trail and follow it. This concept is adopted in this model. Each particle which moves from one cell to another leaves a virtual trace; that is, the value of the origin cell ( , ) increases by 1. Therefore, has only nonnegative integer values. This trace acts attractively for other particles due to larger transition probabilities according to (1) . The effect is that particles have a tendency to follow each other [38] . The has its own dynamics, namely, diffusion and decay controlled by two parameters ∈ [0, 1] and ∈ [0, 1], which means broadening and dilution of the trace. and are two positive parameters for scaling and , respectively. ∈ [0, ∞) is the coupling to the static floor field which characterizes the knowledge of the shortest path to the exits or the tendency to minimize the costs due to deviation from a planned route. This considerably controls one's velocity and evacuation times.
∈ [0,∞) is the coupling to the dynamic floor field which characterizes the tendency to follow other pedestrians (herding behavior) [39] .
Heterogeneous Floor Field Model (HFF Model).
The space is discretized into cells. In each time step, pedestrians move only one cell in the forward, left, or right directions or remain unmoved, and the backward direction is forbidden for pedestrians [33, 40, 41] in our HFF model (Figure 3 ). These two fields and determine the transition probabilities in such a way that a particle movement is more likely in the direction of higher fields. 
Static Floor Field .
In case of the walkway considered here, the static floor field describes the shortest distance to the exit of the walkway. The values of studied here are then calculated with a Manhattan distance metric. The explicit calculating process is as follows:
(1) The walkway is divided into a rectangular grid. All of the cells on the right side of the walkway shown in Figure 4 are the exit cells (except for the wall cells).
(2) Any cell which has the largest distance to the nearest exit cells is assigned a value 0, that is, the cells which are located on the left-most layer of the walkway (except for the wall cells) in Figure 4 .
(3) Then, all adjacent cells to the previous one (a "second layer" of cells) are assigned the same value, according to the following rules: if a cell has value , then adjacent cells are assigned the value + 1.
(4) Then, the third layer of cells is calculated in the same way as the second layer.
(5) The process is repeated until all cells are evaluated.
(6) The value of wall cells is = −1. It is beneficial to distinguish wall cells from other cells. Figure 4 shows the static floor field obtained by applying this set of rules to the walkway of size × with exit cells on the right side, where and correspond to the width and the length of the walkway.
Dynamic Floor Field .
The dynamic floor field has its own dynamics, namely, decaying with probability and diffusing with probability . After each time step, it is updated according to
where
is a discretization of the Laplace operator. Equation (2) can also be obtained by discretizing
which is the diffusion equation with diffusion constant = (1− )/4 and an extra term for the decay. Here,
2 is the usual Laplace operator in two dimensions [3] .
Update Rules.
The update rules of HFF model have the following structure.
(1) P-pedestrians, F-pedestrians, and O-pedestrians are generated in the system with random positions. Ppedestrians are distributed in pairs and each group of them move together during the simulation process.
(2) The static floor field of each cell is calculated according to the rules shown in Section 3.2.1.
(3) The dynamic floor field of each cell decays with probability and diffuses with probability to one of its neighboring cells.
(4) For each one of the F-pedestrians and O-pedestrians, the transition probabilities for a move to an unoccupied neighbor cell ( , ) are determined by the local dynamics and the two floor fields. The values of the fields and are weighted with two sensitivity parameters ∈ [0, ∞) and ∈ [0, ∞). This yields
Normalization is as follows:
Here represents the inertia effect [23] for the direction of one's motion in the previous time step. In the walkway scenario considered in this paper, if a particle moved in the forward direction in the last time step, then given by ( , ) = exp( ), and ( , ) = 1 for other directions, where is the sensitivity parameter. For P-pedestrians, when they want to move left or right, the calculating method of transition probabilities is the same with the isolated pedestrians. But for the case of moving forward, we should compare the transition probabilities +1, and +1, of the cells in front of each pair of P-pedestrians; then the greater one ( Figure 5 ) is chosen as the transition probability to move forward.
(5) Each pedestrian chooses a target cell based on the transition probabilities determined in the previous step. (6) The conflicts arising from any two or more pedestrians attempting to move to the same target cell are resolved by a probabilistic method [23] . The pedestrians which are allowed to move execute their step with their own speed, and the losers remain unmoved.
(7) at the origin cell ( , ) of each moving particle is increased by one: +1 = + 1.
Simulation Scenario
The size of the simulation scenario is the same with the real walkway, and the width and the length are 3.6 m × 10.4 m. We discretized the scenario into 9 × 26 cells each with a size of 0.4 × 0.4 m 2 . The layout of the walkway is shown in Figure 6 . There are three types of pedestrians in the system: Ppedestrians, F-pedestrians, and O-pedestrians. For simplicity, the speed of P-pedestrians and O-pedestrians is approximate to 1.2 m/s, and F-pedestrians' speed is approximate to 1.6 m/s. Each time step corresponds to 1/12 s. Pedestrians' position transition frequency in each time step reflects their speed. The fast pedestrians' position is updated once in three time steps, and the slow pedestrians' position is updated once in Discrete Dynamics in Nature and Society 5 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9 four time steps. Every pair of P-pedestrians occupies two cells while each one of F-pedestrians and O-pedestrians occupies one cell. The periodic boundary is adopted to obtain the flows with different densities. Pedestrians are distributed randomly in the system at the initial time step (Figure 6 ).
Simulation Results
Model Validation.
In order to verify the precision of the proposed model, we validated the model under homogeneous and heterogeneous situations. The capacity and the density-flow fundamental diagrams were reproduced to validate the model quantitatively. The corresponding polynomial trend lines of the observed data and the simulation results have been fitted and compared as shown in [27] . The percentage of the crowd varies from 0.1 to 0.99. The comparison between the observed data and the simulation results is shown in Figures 7(a) and 7(b) .
Under the homogeneous situation, pedestrians are regarded as the same individuals with the average speed of 1.3 m/s when validating the model. Each time step corresponds to 4/13 s. In the process of the simulation, the parameters were set as = 2.0, = 1, = 0.1, = 0.4, and = 3. The simulation result shows that the capacity of the walkway is 1.48 pedestrians/m⋅s when the density is 2.48 pedestrians/m 2 . The capacity error between the observed data (1.45 pedestrians/m⋅s) and the homogeneous simulation result is 2.07%.
There are P-pedestrians, F-pedestrians, and Opedestrians in the system under the heterogeneous situation. The component percentage is 25%, 35%, and 40%. In the process of the simulation, the parameters were set as = 1.8, = 1, = 0.1, = 0.4, and = 3. The capacity of the simulation is 1.43 pedestrians/m⋅s when the density is 2.43 pedestrians/m 2 . The capacity error between the observed data (1.45 pedestrians/m⋅s) and the heterogeneous simulation result is 1.38%.
Moreover, the corresponding polynomial trend lines of observed data and the simulation results of homogeneous and heterogeneous situations have been fitted in Figures 7(a) and 7(b), respectively. High values of goodness of fit (
2 ) prove that trend lines fit the data sets quite well. The corresponding trend lines share common fundamental properties, regarding degree and end behavior. The capacity values and the fitting curves of the fundamental diagrams coincide well with the observed data, which support the idea that the proposed model is effective and feasible.
The Effects of P-Pedestrians on Pedestrian Dynamics.
We analyze the effects of P-pedestrians on the pedestrian dynamics through research on the characteristics of the pedestrian flow which is formed with P-pedestrians and O-pedestrians. They have the same speed of 1.2 m/s. Each pair of the P-pedestrians occupy two cells and they move together during the simulation process. The percentage of the pedestrian flow increases from 0.1 to 0.99 gradually. The quantitative relationship of flow-density fundamental diagrams and the curve of capacity with different proportions of P-pedestrians can be obtained (Figures 8 and 9(a) ). It is found out that P-pedestrians have great impact on the fundamental diagrams. In Figure 8 , the differences among these curves are negligible when the density is less than 1.2 pedestrians/m 2 . Then, when the density is more than 1.2 pedestrians/m 2 , the gaps among them become large. The location of the fundamental diagrams descends and the capacity of the walkway declines gradually with the increasing percentage of P-pedestrians. The critical density corresponding to the capacity is moving left along the -axis with the proportion of P-pedestrians increasing at the same time. It indicates that the phase transition occurs at the lower density with more P-pedestrians in the system. We extract the capacity values from the fundamental diagrams and plot the curve shown in Figure 9 
The Effects of F-Pedestrians on Pedestrian Dynamics.
The pedestrian flow is composed of F-pedestrians and Opedestrians in this simulation experiment. Their speeds are 1.6 m/s and 1.2 m/s, respectively. Each of them occupies one cell. The percentage of the pedestrian flow increases from 0.1 to 0.99 gradually. The quantitative relationship of flowdensity fundamental diagrams and the curve of capacity values with different proportions of F-pedestrians can be obtained (see Figures 10 and 9(b) ).
With the increasing percentage of F-pedestrians, the changed trend of the curves can be divided into three stages in Figure 10 . In the first stage, the curves rise one by one when the proportion of F-pedestrians is less than 0.6. Then, three curves which are corresponding to the proportion values of 0.6, 0.7, and 0.8 almost overlap together. In the third stage, the two curves of 0.9 and 1.0 start to decline when the density is more than 2.2 pedestrians/m 2 and the 1.0 curve declines faster.
The plot of the capacity whose range is [1.23, 1.72] is drawn in Figure 9 (b). The capacity grows fast when the proportion is between 0 and 0.3. Then, the increasing speed of the curve becomes slow to almost close to 0 when the proportion is changing from 0.3 to 0. of 0.8. We can conclude that F-pedestrians have positive impact on the walkway capacity from Figures 9(b) and 10. The mobility of the walkway improves because of the increasing average speed of pedestrians. These two classes of pedestrians cooperate during the walking process when the proportion of F-pedestrians is low. But when the ratio becomes larger and larger, more and more F-pedestrians want to exceed Opedestrians and they change their paths frequently which may change the regime of the pedestrian flow. Pedestrians start to compete when they want to go through the same site. This results in the capacity keeping unchanged and even decreasing. The result of the experiment shows that the capacity of the walkway ranges from 0.97 to 1.72, and the capacity of pedestrian flow with optimal composition is 77.3% higher than that of pedestrian flow with worst composition. The highest capacity is occupied when the pedestrian flow consists of F-pedestrians and O-pedestrians with the ratio being 7 to 3. And we get the lowest capacity when there exist only P-pedestrians. In Figure 11 , the curves of fundamental diagrams move up and the capacity increases with less Ppedestrians and more F-pedestrians in pedestrian flow. The combination of = 0.25, = 0.47 is the proportion of the observed data. The result indicates again that F-pedestrians have the positive effect on the capacity and P-pedestrians have the opposite effect. We analyze the contour map of the capacity of pedestrian flow in detail. In Figure 12 , when the proportion of Ppedestrians ranges from 0% to 50%, the capacity is between 1.06 and 1.72 and when the percentage ranges from 80% to 100%, the capacity is between 0.97 and 1.17. The results indicate that the features of pedestrian flow are related to the proportion of pedestrians with different heterogeneous characteristics. When the proportion of P-pedestrians in the pedestrian flow is large, F-pedestrians will have less influence. However, if the percentage of P-pedestrians is in a comparatively small range (less than 50%), F-pedestrians will have a big influence. Another conclusion is that about onethird of the results is larger than the capacity stipulated in the Code for Design of Metro (the capacity of the unidirectional walkway is 1.39 pedestrians/m⋅s) of China. It is necessary to take measures to prevent the critical situation caused by some specific composition of heterogeneous pedestrians.
The Effects of Different Pedestrian Composition on
Conclusions
In this paper, heterogeneous floor field (HFF) model is proposed to research the pedestrian dynamics of a walkway in Xizhimen subway station. By introducing the pedestrian heterogeneity and analyzing the observed data, we classify the pedestrians into three classes, that is, P-pedestrians, Fpedestrians, and O-pedestrians, according to the heterogeneous characteristics of walking speed and space occupied.
We validate the precision of the proposed model under the homogeneous and heterogeneous conditions. In order to explore the effects of different heterogeneous characteristics on the pedestrian dynamics, we compared the critical density, fundamental diagrams, and the capacity of pedestrian flow caused by different composition of pedestrians. The existence of the P-pedestrians has negative effect on the pedestrian flow. With the increasing proportion of P-pedestrians, the trend of the fundamental diagrams and the capacity decline continually. By contrast, the F-pedestrians have the positive influence on the whole. The capacity improves with the increasing proportion of F-pedestrians. But the capacity begins to decrease when the percentage of F-pedestrians is larger than 0.8. It reflects that pedestrians start to compete for the spaces and the pedestrian flow is unstable with high ratio of F-pedestrians. In addition, in order to explore the effects of different combination of heterogeneous parameters that may occur in reality on the pedestrian flow, we made the simulation experiment. The results show that F-pedestrians have a big influence when the percentage of P-pedestrians is less than 50%, and when the proportion of P-pedestrians is larger than 80% F-pedestrians have less influence. Another noteworthy result is that about one-third of the capacity is larger than the value stipulated in the Code for Design of Metro of China.
All of the results in this paper indicate that the capacity of walkway is not a constant value. It changes with different component proportions of heterogeneous pedestrians. The heterogeneity of pedestrian has an important influence on the pedestrian dynamics in the walkway of the subway station. These researches can help us understand the macroscopic features of pedestrian flow. They are also beneficial for the operators to take precautions for the emergency caused by special composition of heterogeneous pedestrians in the built stations. And for the unbuilt stations, we can forecast the component proportion of heterogeneous pedestrians in the planning stage to improve the design and construction. In
